154 snails (C) per tank (4L), and two control tanks with 6 uninfected snails (D) and no snails (E). II) 155 Water for eDNA analyses was sampled on day 0 (before adding any snails), 4, 8, 16 , 28 (all snails 156 were removed), 30, 36, and 44. From day 28, eDNA decay was measured. III) Results showing the Tank experiment 2: Detection of true eDNA versus whole schistosome cercariae 163 To determine whether whole cercariae were captured during water sampling, a second tank 164 experiment was performed. Sampling of water with presence of whole cercariae was compared to 165 sampling water with only true eDNA (whole cercariae removed from water) (Fig 3) . Results clearly 166 showed that the eDNA method is able to trace true S. mansoni eDNA, as opposed to capturing 167 whole cercariae in the water sample (Fig 3) . At all three cercariae densities (10, 100 and 1000 168 cercariae/L water), the removal of cercariae lowered the average level of detected DNA copies 169 considerably. Furthermore, a quantitative relationship was found between the density of cercariae 170 and the amount of schistosome eDNA present in the water. Detection of S. mansoni at field sites using eDNA and snail surveys 180 With the eDNA method (qPCR on water samples) S. mansoni was detected in water samples from 181 4/5 sites in Kenya with known ongoing transmission (Fig 4) . By comparison, the conventional snail 182 surveys (catching snails and shedding them by means of light-stimulation, followed by PCR) failed 183 to detect schistosome presence at two sites (site 1 and 2) with known transmission (Fig 4; Table 1 ). 184 At the two sites (site 6 and 7) with no history of transmission, no schistosome eDNA amplified in 185 the water samples and no host snails were found either. Overall the two methods agreed in 71% of 186 the cases (Fig 4; Table S2 ; Table S3 ). The overall S. mansoni infection rate in the surveyed snail 187 populations in Kenya measured by shedding was 0.4 -2.2%. Observed naïve detection probabilities at sites where S. mansoni was detected was higher for the 194 eDNA method (0.33-0.67) than for conventional snail surveys (0.0004-0.02) ( Table 1) To avoid overestimating the eDNA detection probability at field sites, which can arise from 211 imperfect detection issues (23, 24), the eDNA data was analyzed using a Bayesian multi-scale 212 occupancy model developed specifically for eDNA studies (25). This approach allows the 213 estimation of eDNA occurrence and detection probabilities in relation to various biotic and abiotic 214 factors that may influence detection probability ( Table 2) at three hierarchical levels: Ψ (site level), Table 2 . Measured biotic and abiotic factors that potentially influence field site eDNA detection 218 probability, and thus included as covariates in the eDNA occupancy modeling analysis.
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Model covariates
Hypothesized effects Reference Biomphalaria snail presence/absence or density.
Could increase parasite eDNA concentration and improve detection in water samples
Present study
Presence of snails shedding cercariae
Could increase parasite eDNA concentration and improve detection in water samples (θ).
Present study
Salinity
Higher salinity can result in higher availability probability in the water sample (θ) due to increased DNA stability.
(56)
Temperature
Affects the physical and metabolic activity of organisms, faster degradation at higher temperatures and lower availability probability in the water sample (θ).
(57, 58)
pH Higher pH has been linked to greater detectability, concentration, and persistence of eDNA in more alkaline waters.
(36, 41, 58, 59)
Conductivity
Relates to Total Dissolved Solids (TDS), which can impair eDNA detection due to release of inhibitory substances and their capacity to bind DNA.
(59, 60)
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The occupancy model with the best support (as measured by the posterior predictive loss criterion replicates (posterior median estimate of -0.38 (95% BCI -0.93; 0.15)) was observed ( Table 3) 228 However these effects were not significant (95% Bayesian credible intervals for both variables 229 encompassed zero). replicates required to achieve detection probabilities at or above 95% ranged from 3 to 9 replicates 235 between sites (as calculated using the equation P = 1-(1-θ) n ).
All parameter estimates (posterior medians and 95% credible intervals) for the best fitting eDNA 238 occupancy model can be seen in Table 3 . All models and their ranking according to WAIC and 239 PPLC can be seen in Table S4 . 
Comparison of sampling efforts and associated costs 248
To investigate the potential cost-effectiveness of the eDNA approach, estimated sampling efforts 249 and associated costs for a further improved eDNA tool and conventional snail sampling was 250 compared for one site. Importantly, a main assumption was that the eDNA method for schistosome 251 detection had been further optimized overcoming the challenges met by the present study. With this 252 in mind, the estimated total effort spent on surveying one site using eDNA was on average 253 approximately half of that using traditional snail collection and shedding ( 264 b A total of 9 qPCR replicates for each water sample is assumed, based on the eDNA occupancy model estimates.
265
Note: Here we assume that the required number of snails (148 and 747) is sampled at one site by scooping for 20 min, 266 however this is somewhat an underestimation of man-hours since exploratory sampling at several sites before locating 267 snail populations is often the reality.
269
Discussion
270
To our knowledge, we here present the first successful qPCR-based tool to detect environmental 271 DNA (eDNA) from the snail-borne parasite Schistosoma mansoni directly in its freshwater habitat.
272
The demonstrated high level of sensitivity of this eDNA approach to detect schistosome 273 environmental stages will become increasingly important as environmental transmission 274 interruption becomes the measure of true endpoint of schistosomiasis (7) .
Earlier attempts to develop a molecular detection method for environmental schistosome stages (26, 277 27) applied filtering of water using pore sizes appropriate for capturing cercariae, but too large to 278 capture "true" eDNA. In the present study, by employing a state-of-the-art eDNA filtering process 279 we successfully demonstrate that the eDNA method does in fact detect true schistosome eDNA, and 280 not just whole larval stages. This is essential as these stages easily can be missed due to the highly 281 spatial and temporal variation in snail and cercariae density under natural conditions. Moreover, the 282 cercariae are only short-lived with a life expectancy of maximum 24 hours where after they die and 283 degrade beyond detectability if water sample filtering is done with pore sizes too large.
285
Despite the obvious potential for applying eDNA for environmental surveillance of schistosomiasis, 286 there are a number of limitations and challenges at the current stage that needs discussing. Firstly, 287 for the time being eDNA can only be used to determine the presence (or absence) of schistosomes 288 at field locations, even though knowing the relative densities of parasite infective stages across the 289 infection risk landscape could also be very useful to guide schistosomiasis control efforts. To 290 determine schistosome parasite abundance a quantitative relationship between the number of target 291 organisms and eDNA molecules would be required, as demonstrated in other studies (e.g. 20, 28, 292 29). In the tank experiment 2, such a relationship between the number of cercariae and 293 concentration of schistosome eDNA was indeed established ( Fig 3) . However, even though the use 294 of eDNA to quantify species abundances is currently a fast growing field (e.g. 30, 31), some basic 295 issues still remains to be resolved. Importantly, it remains to be resolved how eDNA signals from 296 organism abundance in natural water bodies can be differentiated from organism proximity to 297 where the water samples are taken (32).
Another pressing issue in eDNA studies in general is for how long DNA from an organism is 300 traceable in aquatic environments after removal of the DNA source (33). This is also highly relevant 301 for the applicability of the eDNA method for schistosome detection since the parasite larval stages 302 are relatively short-lived. Our decay experiment (in the tank experiment 1) showed that eDNA 303 detection of cercariae traces in the tank environment would be possible for up to 7 days after the 304 shedding event (Fig. 2 ). This decay rate is consistent with previous studies estimating the limit of 305 aquatic eDNA detection to be between a couple of days and up to several weeks after removal of 306 the target organism (34-36). However, the decay of schistosome eDNA at actual transmission sites, 307 as compared to controlled tank environments, would probably be faster than a week since the initial 308 DNA concentration of the decay experiment was quite high in comparison to other eDNA decay 309 studies (20, 29). Moreover, increased microbial activity, higher temperatures, and dispersal in 310 natural waters could additionally accelerate the eDNA degradation (32, 37).
312
Thirdly, under field conditions, it is not possible to determine if the schistosome DNA source 313 originates from cercariae (the human infective stage) or miracidiae (the snail infective stage). This 314 means that the eDNA method cannot at this stage separate detection of contamination (input of 315 miracidiae from infected humans) from exposure potential (snail output of cercariae infective to 316 humans) ( Fig 1) (7) . Furthermore, we cannot be sure whether the schistosome eDNA arises from 317 living or dead parasite larval stages which also could pose a challenge when assessing real-time 318 transmission (38). However, the latter concern is somewhat unjustified since the short timespan for 319 schistosme eDNA degradation is maximum a week, thus eDNA detection of schistosome presence 320 would indeed represent on-going potential transmission.
context will however depend critically on the associated costs and required efforts of the method. 
Comparison of eDNA method and snail survey in field sites in Kenya 430
The eDNA method was validated in September 2015 in central Kenya at a total of 7 field sites with 431 known ongoing transmission or with no history of transmission ( Fig. 4 ; Table 1 ; Table S2 ). At each 432 site, a water body with human activity was selected and water samples for eDNA analyses was 
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Preprint submittet to bioRxiv Text S1: Detailed materials and methods
Design and validation of species-specific primers
Primer and probe design
Species-specific primers and minor groove binding probes targeting the mitochondrial gene cytochrome oxidase I (COI) of Schistosoma mansoni were designed and validated in silico by visual comparison with aligned sequences of the Schistosoma species occurring in Eastern Africa obtained from NCBI Genbank (Fig S1, above) . (purchased from Danish pet-shop) to maintain proper water quality essential for snail survival.
During the experiment, snails were fed twice a week with fish food (TetraMin flakes, Tetra GmbH, Germany) and oven-dried organic lettuce. Temperatures were kept constant at 23°C and with a diurnal rhythm of 12 hours of daylight and 12 hours of darkness using artificial light and curtains. On each sampling day pH and conductivity was measured to ensure a stable environment in the tanks throughout the study period (Table S1 ). Water samples (3x 15 mL) were taken (for ethanol precipitation, following Ficetola et al (2)) before introduction of snails (day 0) and at day 4, 8, 16, and 28 after introduction. Hereafter, snails were removed and sampling of water was continued on day 30, 36, and 44 to examine degradation of schistosome eDNA. All samples were kept at -20°C until DNA extraction.
Tank experiment 2: Detection of true eDNA vs. whole cercariae in water samples
To clarify the possible effect of capturing whole cercariae vs. true eDNA when sampling water for S. mansoni detection, an experiment with different cercariae densities (10, 100 and 1,000 cercariae/L water) were set up (See Fig. 3 ). Cercariae was produced as described for tank experiment 1, following Christensen et al. (1) . The tanks containing living cercariae in water were left over night at 23°C allowing the cercariae to shed cells into the water to produce eDNA.
Two series of water samples were taken from each cercariae density and one of each serie were filtered using polycarbonate filters pore size 12 µm (Nucleopore, Osmonic Inc.) to remove whole cercariae from the water sample. Subsequently all the water samples from the two series were precipitated, following Ficetola et al. (2) , and stored at -20°C until DNA extraction.
Comparison of eDNA method and snail survey in field sites in Kenya
The eDNA method was validated in September 2015 in the counties Samburu, Isiolo and Meru County in central Kenya at field sites with known ongoing transmission (3) or with no history of transmission ( Fig. 4 ; Table S2 ). At each possible transmission site a water body with human activity was selected and water sampling for eDNA analyses was taken before the conventional snail survey. At each sampling site water temperature, salinity, pH, and conductivity were measured using a hand-held device (Combo tester, Hanna Instruments, Sweden) to be used in the occupancy analyses. Other snail species present at each site were identified based on shell morphology (4).
For eDNA analyses, water samples of 1 L were taken from the beginning, center, and end (3x 1L) of each of the 7 field sites. A one-liter container with a pre-filter (pore size 350µm, metal kitchen sieve) attached to remove large particles was submerged just below the water surface and filled.
The water samples were taken standing by the water body edge reaching out wearing sterile gloved hands. All field equipment was sterilized in 10% bleach solution and thoroughly dried between sites. Water samples were placed in a dark container on ice immediately after collection until filtering with enclosed Sterivex-filters (polyethersulfone; 0.22 µm pore size with luer-lock outlet; Merck KGaA) using a portable vacuum pump (type N811KN.18, P max 2.0 bar, KNF Lab, France). Enclosed filters containing eDNA were preserved with RNAlater and kept at -20°C until DNA extraction, following Spens et al. (5) .
Conventional snail surveys were performed at each site by catching snails using a scoop for 20 min covering the selected sampling site (6, 7) . All the snails collected were identified to species-Preprint submittet to bioRxiv 12 level based on shell morphology (4) . All the host snail specimens (Biomphalaria pfeifferi; the intermediate host snail species in central Kenya), was put up for shedding of cercariae in small beakers placed in the light (sun or artificial) for at least 4 hours, as light stimuli induces shedding (7) . When large number of snails was scooped the snails were first set up for mass shedding of 10 snails in each beaker, and then singled out in separate beakers to identify the exact snail shedding cercariae. All beakers were visually inspected under microscope and a snail were designated positive for S. mansoni infection if the fork-tailed schistosome cercariae were detected (8) . All host snails were kept in ethanol 96%, and subsequently the S. mansoni infection in the specific snails shedding cercariae was confirmed by PCR.
DNA extraction
DNA extraction and post-PCR work were performed in two separate laboratories assigned for the purposes and equipped with positive air pressure and UV-treatment. DNA was extracted from the enclosed Sterivex-filters using DNeasy Blood and Tissue kit (Qiagen, Carlsbad, CA, USA) with modifications, as described by Spens et al. (5) . Extraction blanks were included for all DNA extractions and were tested negative in subsequent PCRs.
Quantitative PCR (qPCR)
Primer For the tank experiment 1 and 2, qPCR standards for S. mansoni were prepared as a dilution series (10 -1 -10 6 DNA copies/reaction) of purified PCR products on tissue-derived DNA with concentration measured on a Qubit 1.0 fluorometer (Thermo Fisher Scientific Inc.) applying the high-sensitivity assay for dsDNA (Life Technologies, Carlsbad, CA, USA), as described by
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Agersnap et al. (9) . Final concentrations in DNA molecules per volume of water sample were calculated from the standards setting the molecular weight of DNA as 660 g/mol/base pair. Based on recommendation from Ellison et al. (10) , limit of detection (LOD) and quantification (LOQ)
were established for each assay; LOD as the lowest concentration of the standard dilutions returning at least one positive replicate out of the three replicates prepared, LOQ as the lowest concentration at which all three positive replicates were able to amplify on the purified target dsDNA (Fig. S2 ). Efficiency of all qPCRs with standards was 97-103%. In the field study, when one or more qPCR replicate amplified, the average cycle threshold (C t ) value of all replicates showing amplification is reported (Table S3 ).
All positive samples from the tank experiment 1 (microcosm), tank experiment 2 (true eDNA), and the field collections showed a similar sigmoidal PCR amplification curve. A subset of the positive samples was sequenced in order to confirm that the sigmoidal PCR amplification curve represented the target species. Species authenticity of S. mansoni was confirmed by amplicon sequencing in 22% of all the positive samples in the tank experiment 1, in 12.5% of the positive samples in the tank experiment 2, and in 80% of all the positive field samples. This was done by purifying qPCR products using Qiagen MinElute PCR purification kit (Qiagen, USA), followed by cloning using Topo TA cloning kit (Invitrogen), as described by Sigsgaard et al. (11) , and finally sequencing of the inserted PCR fragment (Macrogen, Europe). All DNA extraction blanks and PCR controls performed throughout this study were negative.
